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Abstract:A flexible (2 × 1) multiple-input, multiple-output (MIMO) antenna with an electromagnetic band gap (EBG)
unit cell is designed and measured. The proposed MIMO antenna is based on a circular slotted patch antenna to work
at 3.5 GHz. An EBG unit cell is used to reduce the eﬀect of the inherent mutual coupling produced between the closely
spaced MIMO elements. The results show that the measured mutual coupling has been reduced by –11.6 dB (from –10
dB to –21.6 dB), and the measured realized gain has been increased by 1.074 dBi (from 1.59 dBi to 2.66 dBi). An
improvement by 2.4% in the simulated eﬃciency was also noticed (from 78.7% to 81.1%). The proposed antenna also
passed the flexibility test without a noticeable change in the S-parameter at the desired frequency.
Key words: Antennas, electrical band gap, flexible MIMO, mutual coupling, WiMAX

1. Introduction
Multiple-input, multiple-output (MIMO) systems have been one of the most active areas of research and
development in the broad field of wireless communications. These systems enhance the data transferring rate
and reduce the probability of error by taking advantage of multiplexing and diversity, respectively [1]. However,
MIMO systems face some challenges such as mutual coupling, which aﬀects the antenna characteristics by
reducing the eﬃciency, increasing the correlation and coupling power, and reducing the radiated power [2].
There are many considerable works that have been conducted to deal with such challenges. Among the available
solutions is increasing the distance between the antennas, but unfortunately this procedure will increase the
system’s overall size, which is undesirable for most mobile applications. Many technologies have been invented
to solve this problem while keeping the size within suitable dimensions, such as adding parasitic elements,
network coupling, neutralization lines [3], utilizing defected ground planes [4], using soft surfaces [5], adding
180 ◦ hybrid couplers [6], and employing metamaterials [7]. The term “metamaterial” was originally employed
to describe any artificial (engineered) structure possessing eﬀective electromagnetic properties not encountered
among natural materials. Metamaterials have been used in many applications including perfect lenses, artificial
dielectrics and magnetodielectrics, LC-loaded transmission lines, and high impedance surfaces, which include
artificial magnetic conductor (AMC) and electromagnetic band gap (EBG) structures [7,8].
In this paper, the EBG structure is used as a metamaterial to reduce the mutual coupling between MIMO
antenna elements by building a band gap at the required frequency to reduce and suppress the surface currents,
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which are the main causes of mutual coupling [9]. Employing the EBG in the MIMO system results in a relatively
small overall size compared to the others. The researchers have utilized many types of EBG structures, such as
EBG-like mushrooms, uniplanar compact EBG (UC-EBG), first-order Peano curves, and second-order Hilbert
curves [10]. The simulation of the proposed structure in this study is done by using two microwave simulation
software programs: Computer Simulation Technology (CST) 2015, and the High Frequency Structural Simulator
(HFSS) V.15. The fabrication of the prototypes is performed in the printed circuit laboratory of the Department
of Electrical Engineering, College of Engineering, University of Basra, Iraq. The results show that a remarkable
reduction in mutual coupling between the antenna elements is achieved by using the proposed EBG cells with
a good increment in the measured gain while preserving acceptable results for the reflection coeﬃcient.
The rest of the paper is organized as follows: in Section 2, the basic antenna design steps are presented.
The EBG unit cell design and test are discussed in Section 3. Flexible MIMO with EBG unit cell fabrication
and testing are illustrated in Section 4. Bending and testing flexibility are discussed in Section 5. Conclusions
from the obtained results are given in Section 6.

2. Basic antenna design
The designed antenna is selected as a circular microstrip patch operating at fr = 3.5 GHz, which is suitable for
some applications, such as WiMAX. Roger 5880 material with dielectric constant εr = 2.2 and loss tangent of
0.0009 was chosen as a substrate for its flexibility properties. The proposed antenna is printed on a substrate of
55 mm × 45 mm with thickness h= 0.8 mm and fed by a microstrip transmission line with 50 Ω impedance,
as shown in Figure 1. The diameter a of the circular patch has been calculated as 16.5 mm with the help of
the following equations [11]:

Figure 1. A single element of the circular patch antenna.
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Figure 2 shows the S 11 -parameter of the proposed circular patch antenna, where a good impedance matching
at 3.5 GHz (–21 dB) can be observed. On the other hand, the –10 dB impedance bandwidth has a very narrow
value (45 MHz), which is not suitable to be used in MIMO systems and needs to be improved. Furthermore,
the size is a very critical parameter in the design of MIMO antennas, particularly in the spatially spaced type,
and therefore some slots are introduced in the circular patch for the sake of minimization [12], in addition to
using a partial ground plane for bandwidth enhancement [13]. The geometrical shape of the circular slotted
patch is depicted in Figure 3 and the related dimensions are listed in the Table.

Figure 2. S 11 -parameter vs. frequency for the circular patch simulated in CST.

Table. The dimensions of the proposed antenna (in millimeters).

Parameter
Value
Parameter
Value

WS
60
R2
4.97

LS
34.5
R3
3.02

WF
2.5
R4
6.48

WF 1
1.67
LF
3

R1
7.99
LF 1
14.04

The simulation results of the S-parameters are presented in Figure 4. It is clear that the proposed antenna
has good impedance matching (about –23.58 dB at the designed frequency). However, it has a relatively bad
value of isolation (i.e. higher mutual coupling) of about –10 dB. Therefore, the EBG unit cell will be utilized
in the next section to reduce the mutual coupling.
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Figure 3. The circular slotted patch of the MIMO antenna structure.

Figure 4. S-parameter simulation results of the circular slotted patch in CST.

3. EBG design
In this paper, a new uniplanar compact electromagnetic band gap (UC-EBG) unit cell is designed to create a
band gap at 3.5 GHz frequency. The geometrical shape of the EBG unit cell is shown in Figure 5. The EBG
cell is tested by using the transmission line method shown in Figure 6. The S-parameter simulation results of
the EBG are given in Figure 7. The results show a good band gap at the aimed frequency (3.5 GHz) with good
isolation (about –23.6 dB).
3.1. Antenna fabrication and results
The radiating elements, the two EBG cells, and the partial ground plane are printed on both sides of 0.8-mm
Roger 5880 substrate as depicted in Figure 8. The following subsections will analyze the designed parameters
with the achieved measurements.
3.2. Surface current
To illustrate the EBG performance in suppressing the mutual coupling, one of the antenna elements is excited
while the second element is terminated by 50 Ω . Distributions of the surface currents with and without the EBG
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Figure 5. The dimensions of EBG unit cell in mm.

Figure 6. Transmission line method for EBG test.

Figure 7. S-parameter simulation results of the EBG cells in CST.
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Figure 8. The fabricated MIMO antenna.

are shown in Figure 9. When port 1 is on, the surface current initiates from port 1 and propagates toward port
2, as represented by red color in Figure 9a. The surface current will be blocked when the EBG metamaterial is
added in the midway between MIMO elements, as shown in Figure 9b.

Figure 9. Surface current of the proposed antenna simulated in CST: (a) without EBG, (b) with EBG.
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3.3. S-parameter
The fabricated MIMO elements are tested using the Vector Network Analyzer VNA40 in the frequency range
of 0.01–4.4 GHz. The simulated and measured values of S 11 and S 21 with and without utilizing the EBG are
shown in Figures 10 and 11, respectively. A good impedance matching is achieved of about –17.14 dB, and a
clear reduction of the mutual coupling can be seen (from –10 dB to –21.66 dB) after adding the EBG cells.
Acceptable agreement is observed between the simulation and measurement values.

Figure 10. Simulated and measured S 11 -parameter with/without EBG.

Figure 11. Simulated S 21 (in HFSS) and measured S 21 with/without EBG.

3.4. Realized gain and eﬃciency
The simulated and measured realized gains with and without employing the EBG is shown in Figure 12. It
is clear that the gain is increased by 1.074 dBi (from 1.59 dBi to 2.66 dBi) after adding the EBG to the final
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structure. The simulated and measured total eﬃciencies with and without using the EBG are shown in Figure
13 with a noticeable enhancement of 2.4% (from 78.7% to 81.1% ) after adding the EBG.

Figure 12. Simulated (in CST) and measured realized gains with/without EBG.

Figure 13. Total simulation eﬃciency (in CST) with/without EBG.

3.5. Radiation patterns
The far-field E-plane and H-plane radiation patterns are measured inside an anechoic chamber as shown in
Figure 14. The fabricated antenna was placed on a stepper motor controller and aligned to a horn antenna with
a modifiable polarization where E and H plane cuts can be obtained. The radiation patterns of the fabricated
antenna at 3.5 GHz on the YZ plane (E-plane) and XZ plane (H-plane) are depicted in Figure 15.
3.6. Envelope correlation coeﬃcient
This design has a very good simulated envelope correlation coeﬃcient. The EBG reduces the envelope correlation
from 0.001 to 0.0000054, as shown in Figure 16.
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Figure 14. Photograph of MIMO antenna inside an anechoic chamber.

Figure 15. Simulated (in HFSS) and measured radiation patterns of the proposed antenna: (a) YZ (E-plane) radiation
pattern of the proposed antenna, (b) XZ (H-plane).

Figure 16. Envelope correlation coeﬃcient simulation (in CST) with/without EBG.
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4. Flexibility test
The proposed antenna may experience some bending or conforming during operation, so flexibility tests must
be done to ensure its performance reliability. The resonant frequency and return loss need to be remeasured
since they are prone to shift/decrease due to the impedance mismatch and change in the actual electrical length
of the radiating element .[14]. The test is done by bending the proposed antenna over cylindrical foam with a
radius of 13 mm as shown in Figure 17. The resultant S 11 and S 21 values are depicted in Figures 18 and 19,
respectively, which show no noticeable change in the values of S 11 , S 21 at the designed frequency.

Figure 17. Proposed antenna under flexibility test: (a) practical, (b) simulated (in CST).

Figure 18. S 11 values with/without bending.
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Figure 19. S 21 values with/without bending.

5. Conclusions
In this paper, a flexible (2 × 1) MIMO microstrip antenna with a new shape of EBG unit cell is presented. The
antenna is designed to work at 3.5 GHz for WiMAX applications with a bandwidth of 302.9 MHz and a gain of
2.66 dBi. The EBG unit cells are designed, tested, and then integrated within the MIMO antenna to decrease
the mutual coupling. The overall structure is printed on a 60 mm × 34.5 mm Roger 5880 dielectric substrate
with dielectric constant of 2.2 and thickness of 0.8 mm. The results indicate that using the EBG has decreased
the mutual coupling by –11.6 dB (from –10 dB to –21.6 dB), enhanced the simulated eﬃciency by 2.4% (from
78.7% to 81.1%), and increased the gain by 1.074 dBi (from 1.59 dBi to 2.66 dBi). The proposed antenna has
passed the flexibility test without a remarkable change in the S-parameter at the required frequency.
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